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NF-κB p65 (RelA) homodimer uses distinct mechanisms to
recognize DNA targets
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and Gourisankar Ghosh*
Background: The NF-κB family of dimeric transcription factors regulates the
expression of several genes by binding to a variety of related DNA sequences.
One of these dimers, p65(RelA), regulates a subclass of these targets. We have
shown previously that p65 binds to the 5′-GGAA T TTTC-3′ sequence
asymmetrically. In that complex one subunit base specifically interacts with the
preferred 5′ half site and the other subunit binds non-specifically to the 3′ half site.
Results: Here we describe the crystal structures of two new p65–DNA
complexes. One complex contains a pseudosymmetric 5′-GGAA T TTCC-3′
DNA sequence taken from the enhancer of the gene encoding interleukin 8 (IL-8)
and the other contains the asymmetric 5′-GGAA T TCCC-3′ target DNA taken
from the enhancer of the gene encoding type VII collagen. As expected, the
global positioning of the dimer on both DNA targets is roughly symmetric,
however, the hydrogen-bonding patterns at the protein–DNA interfaces differ
significantly. One of the p65 monomers in complex with the asymmetric DNA
binds to an extra base pair located immediately upstream of the 5′-GGAA-3′ half
site. We also show that p65 binds to these targets with almost equal affinity and
that different residues have variable roles in binding different κB targets.
Conclusions: Taken together, these structures reveal that p65 exhibits the
unique capability to specifically bind DNA targets of variable lengths from four
to ten base pairs. Also, the small protein segment Arg41–Ser42–Ala43 is at
least partially responsible for flexibility in DNA-binding modes. 
Introduction
Mammalian transcription factor p65 (RelA) regulates tran-
scription of a variety of genes by binding to specific DNA
sequences that are located in the regulatory cis-acting
regions [1,2]. The p65 protein binds DNA as a homodimer
or as heterodimers with other members of the Rel/NF-κB
family. The Rel/NF-κB family also includes p50, p52,
cRel and RelB. These proteins share a homologous N-ter-
minal DNA-binding region referred to as the rel homology
region (RHR). Similar to cRel and RelB, p65 has a bipar-
tite structure — a DNA-binding RHR and a C-terminal
transcription activation domain. These two functional
regions are linked by a segment that contains a nuclear
transport signal. Both p50 and p52 lack any identifiable
transactivation domains and as a result the homodimers of
p50 and p52 primarily function as repressors of transcrip-
tion. On  the basis of their transcriptional activities, the
Rel/NF-κB monomers can be divided into two classes:
class I includes p50 and p52, and class II includes p65,
c-Rel and RelB [1,2]. 
To date, DNA-bound X-ray crystal structures of the RHR
of three Rel/NF-κB homodimers, p50, p52 and p65 are
known [3–6]. In addition, the structure of the p50–DNA
and the p65–DNA complexes have also been reported [6].
These structures reveal that the RHR is folded into two
immunoglobulin-like (Ig-like) domains. The C-terminal
Ig-like fold is responsible for subunit dimerization. The
N-terminal Ig-like domain and the interdomain linker are
responsible for sequence-specific DNA recognition. Five
loops from each monomer are involved in DNA binding
including the interdomain linker loop L3 (Figure 1a). Two
loops from the dimerization domain, loops L4 and L5, and
one loop from the N-terminal domain, loop L2, contact
only the DNA sugar–phosphate backbone. The other two
loops, loops L1 and L3, provide base-specific contacts
with most of the contacting residues arising from loop L1.
Based on these structures, p50 and p52 appear to recog-
nize a five base pair (bp) half site with the sequence
5′-GGGRY-3′, whereas p65 recognises half sites with the
sequence 5′-GGAA-3′.
Members of two other transcription factor families,
nuclear factor of activated T cells (NFAT) and signal
transducer and activator of transcription (STAT), also
bind to DNA sequences containing a core 5′-GGAA-3′
element [7,8]. This is not surprising given that the DNA-
binding domains of NFAT and STAT proteins are similar
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in structure to the DNA-binding N-terminal domain of
the RHR of NF-κB [9–11]. There are strong indications
that some of the DNA sequences that contain a core
GGAA sequence serve as response elements for more
than one transcription factor family [12].
We have determined previously the three-dimensional
structure of the p65 homodimer in complex with the κB-33
DNA sequence 5′-GGAA A TTTC-3′, which is similar to
that of the interferon γ (IFN-γ) enhancer and the P element
of the IL-2 promoters [6]. The structure shows that the
protein subunits bind to the DNA half sites with two differ-
ent conformations. Fine analyses revealed that the confor-
mational change was necessary because one of the p65
subunits encountered an improper A–T bp in the 5′-GAAA-
3′ half site instead of the optimal G–C bp at the third posi-
tion of the 5′-GGAA-3′ half site in the other subunit. Large
movement of the N-terminal domain resulted in the loss of
all base-specific contacts on the 5′-GAAA-3′ half site. As a
result, only 4bp in the target site are involved in base-spe-
cific interactions with the p65 homodimer.
To understand further the mechanism of κB DNA recog-
nition by the p65 homodimer, we have determined the
crystal structures of two new p65–DNA complexes. One
contains the pseudosymmetric κB DNA sequence found
in the enhancer of the gene encoding interleukin 8 
(IL-8-κB) [13]. The other bears an asymmetric κB DNA
sequence present in the enhancer of the gene encoding
type VII collagen [14] (we will refer to this site as κB-55)
(Figure 1b). The IL-8-κB DNA contains two identical half
sites, whereas κB-55 bears two asymmetric half sites,
although the critical G–C bp at the third position is pre-
served. These structures reveal that the overall position-
ing of protein subunits is symmetrical in both complexes
(Figure 2a). To recognize the pseudosymmetric IL-8-κB
DNA the protein subunits maintain all previously
observed base-specific contacts with both 5′-GGAA-3′ half
sites. In spite of global symmetric placement on the DNA
half sites, the p65 homodimer contacts both the consensus
5′-GGAA-3′ and the non-consensus 5′-GGGA-3′ half sites
of the κB-55 DNA with a significantly altered hydrogen-
bonding scheme. One of the protein subunits mediates
direct contact with an extra base pair in the consensus half
site, thereby expanding the half site from 4 to 5 bp. The
p65 homodimer binds these DNA targets with comparable
affinities. We show that a small Arg41–Ser42–Ala43
tripeptide, plays a critical role in defining the differential
mode of DNA recognition by adapting conformations that
are complimentary to variable target DNA sequences.
Results
Overall structure of the complexes
We crystallized and solved the three-dimensional crystal
structures of the p65 RHR homodimer bound to two dif-
ferent DNA targets. One of the targets is the pseudosym-
metric IL-8-κB DNA (5′-GGAA A TTCC-3′) embedded
in a 17-mer duplex, and the other is an asymmetric target
known as κB-55 (5′-GGGA A TTCC-3′) contained in a
12-mer duplex (Figure 1b). The structures of these two
complexes have been solved to 2.5 Å and 3.0 Å resolution,
respectively (Figure 2 and Table 1). Although the resolu-
tion of the κB-55–p65 complex is rather low, simulated
annealing omit maps indicate good quality of this struc-
ture and, therefore, support our interpretations (Figure 3). 
The overall structures of both complexes are similar to
each other and to the previously reported p65 homo-
dimer–κB-33 complex. The dimer interface of p65,
formed by 12 amino acid sidechains, can be neatly super-
posed with negligible variations. As described for other
NF-κB–DNA complexes, the primary DNA-binding
specificity determinants are localized to only two loops:
loop L1, which encompasses residues 30–50; and loop L3,
which links the N-terminal domain to the dimerization
domain. Three other loops, loop L2 of the N-terminal
domain and loops L4 and L5 from the dimerization
domain, contact the phosphodiester backbone of the
target DNA. The N-terminal domains of p65 in each
complex are slightly asymmetric with respect to each
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Figure 1
Protein and DNA sequences. (a) Sequence of the RHR of murine p65
with the secondary structure shown. Black arrows indicate β strands and
the open box denotes a helix. Red letters denote five DNA-contacting
loops. The DNA-contacting residues in p65–IL-8-κB and p65–κB-55
complexes are shown by symbols drawn above and below the primary
sequence of p65, respectively. Pink circles, DNA base contacts; open
circles, DNA backbone contacts; black rectangles, dimer interface; green
open rectangles, dimer plus DNA contact. (b) Sequences of the target
DNAs used for the crystallization. DNA half sites are shown in boxes.
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other. Approximately 3° and 6° rotations are necessary to
overlay these domains in the IL-8-κB and κB-55 com-
plexes, respectively. These domain rotations are rigid
body and except for a small segment of loop L1, the 
N-terminal domains in all these structures are superimpos-
able with a root mean square (rms) residual of 0.4 Å. In
light of these small differences, we view the IL-8-κB and
κB-55 complexes as roughly symmetric. This is in contrast
with the previously determined p65–κB-33 complex,
which required an 18° rotation and 7 Å translation to
superpose the p65 N-terminal domains [6]. Figures 2b and
2c show electron densities of an identical segment of the
IL-8-κB–p65 and κB-55–p65 complexes, respectively.
Implications of the structural differences of this segment
in these two complexes will be discussed later.
DNA structures
Both DNA targets are bent towards the major groove. The
12-mer κB-55 target DNA is bent by 15° and the 17-mer
IL-8-κB target DNA by 21°. The extent of bending
appears to be related to the number of A–T base pairs at
the central part of the recognition sequences. This is con-
sistent with the previous observation that the 20-mer
κB-33 target, which has six central A–T base pairs, is bent
25° in complex with the p65 homodimer (Figure 2b) [6].
We observe that the bend is primarily because of a rela-
tively sharp change of the roll angle at the central A–T
base step. This roll angle is 7° for κB-55 and 9° for the
IL-8-κB DNA. We also observed a 14° roll angle at the
central A–T step for the κB-33–DNA complex.
DNA recognition by p65
The pattern of interactions between the phosphodiester
backbone of DNA and the protein is almost identical in
both complexes. There are 11 to 12 residues of each
subunit involved in backbone contacts primarily through
polar and electrostatic interactions (Figure 1a). Most con-
tacts are mediated from the major groove sides. Notable
exceptions are two lysine residues, Lys122 and Lys123,
which arise from loop L2 and approach DNA from the
minor groove side. 
Recognition of symmetric IL-8-κB target
Each monomer is bound almost symmetrically to the
major groove side of the 5′-GGAA-3′ half sites with the
central A–T base pairs on the pseudodyad axis. Both
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Table 1
Summary of crystallographic analysis.
Complex P65RHRs–IL8-κB p65RHR–κB-55
Data collection
Space group P21212 P6122
Resolution (Å) 2.5 3.0
Reflections (total) 97,926 57,411
Reflections (unique) 32,534 16,003
Completeness (%) 95 (92) 84 (32)
Rsym (%)* 8.3 (42) 7.4 (39)
Refinement
Resolution range (Å) 25–2.5 25–3.0
Reflections (F/σ > 2.0) 26,883 14,787
No. of atoms 5136 4828
Rms deviations 
bond lengths (Å) 0.007 0.007
bond angles (°) 1.411 1.405
R factor
Rcryst (%)† 23.6 24.5
Rfree (%)‡ 29.1 30.7
*Rsym = Σ|In–<In>| / ΣIn. †Rcryst = Σ||Fo|–|Fc|| / Σ|Fo|. ‡Rfree was
calculated with 5% of data.
Figure 2
Overall structure of the p65 homodimer–DNA complex and
alignment of the three DNA targets. (a) Ribbon representation of the
superimposed p65–IL-8-κB complex (blue) and p65–κB-55 (green)
viewed down the center minor groove. (b) Alignment of κB-33, κB-
55 and IL-8-κB DNA targets. The superposition was done by aligning
the dimerization domains of each complex. Lines show helical axes
calculated by CURVES using a local helix axis [31]. Models for
κB-33, IL-8-κB and κB-55 sequences and the corresponding helical
axes are denoted by thin red lines, medium blue lines and thick green
lines, respectively.
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monomers make identical base-specific contacts mediated
by five amino acid residues (Figure 4a). Four of the five
residues, Tyr36, Glu39, Arg33 and Arg35, arise from loop
L1 whereas the fifth residue, Arg187, arises from the inter-
domain linker loop L2. Tyr36, in addition to its van der
Waals contacts with the methyl groups of the ± 1 and ± 2
thymines, also contacts DNA backbone phosphates. Arg33
and Arg35 mediate bidentate contacts with N7 and O6 of
guanines ± 3 and ± 4, respectively. Arg187 donates a
hydrogen bond to O2 of thymine ± 2. Glu39 has a critical
role in DNA recognition not only by directly contacting
O4 of cytosine ± 2 through a hydrogen bond but also
through stabilization of the optimum orientations of the
base-contacting residues, Arg35 and Arg187. 
Recognition of the asymmetric κB-55 target
The target DNA preserves one optimal 5′-GGAA-3′ p65
half site and the other half site is 5′-GGGA-3′. A base pair
substitution at position two is less detrimental for half-site
recognition by the protein subunit than a substitution at
another position. We anticipated, therefore, that p65 sub-
units would bind symmetrically to the major groove of both
κB-55 half sites by mediating similar base-specific contacts.
Indeed, we observe that the protein subunits align roughly
symmetrically on the DNA half sites. With the exception
of Arg187, the other base-contacting residues, Arg33, Arg35
and Glu39, hydrogen bond with base pairs at positions 3
and 4 of the 5′-GGGA-3′ half site in a network similar to
that of other 5′-GGAA-3′ half sites (Figure 4b). Not sur-
prisingly, Arg187 moves inward toward the protein core,
away from the DNA, to form a pair of intramolecular salt
bridges with Asp185 to avoid unfavorable contacts with the
amino group of cytosine at position 2.
The most striking feature of this complex is that the p65
subunit interacts with the 5′-GGAA-3′ half site in a different
manner to that with which it interacts with the 5′-GGGA-3′
half site (Figure 4c). First, Ser42 directly contacts the
guanine base, which is located immediately upstream of the
half site. Thus, this protein subunit contacts an expanded
5 bp, 5′-GGGAA-3′ half site. In other p65–DNA complexes
Ser42 makes at least one contact with the DNA phosphate
backbone but does not directly contact any bases. The
second binding feature of this half site is that Arg187 of this
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Figure 3
Electron-density maps of the p65–DNA
complexes. The residues are labeled using the
three-letter amino acid code. This figure
illustrates the structural differences of Arg187
in the two complexes. (a) Simulated annealing
omit map of the IL-8-κB–DNA complex at 1σ.
The figure illustrates the contacts between
Arg187 and DNA. (b) Omit map electron
density of the κB-55–p65 complex contoured
at 1σ. Omit maps in both structures are
calculated with residues within a sphere of
4.5 Å radii centered around Arg187.
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subunit does not engage in base contact and, like its coun-
terpart in the other subunit, moves toward the protein core
making a salt bridge with Asp185. The position of this argi-
nine seems counterintuitive because it faces a hydrogen-
bond acceptor at position –2. Apparently, by directly
contacting a guanine base at the –5 position of the expanded
5′-GGGAA-3′ half site, Ser42 induces the rearrangement of
the hydrogen-bonding network between Arg35, Glu39 and
Arg187. With this rearranged hydrogen-bonding network,
Glu39 does not stabilize Arg187. As a result, the sidechain of
Arg187 probably becomes more flexible (Figure 3a,b). In
addition, the structure shows that an extended Arg187
sidechain could not make a hydrogen bond with the DNA.
These two mutually dependent events result in more 
favorable contacts between Arg187 and Asp185. Discontinu-
ous electron density of the arginine sidechain might indicate
this interaction is dynamic in nature.
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Figure 4
Comparison of specific interfaces formed by four DNA half sites in
complex with p65. (a) Base-specific interactions between p65 subunit
B and the 5′-GGAA-3′ half site in the p65–IL8-κB complex. Distances
of hydrogen bonds (shown by dashed lines) between the functional
groups of protein sidechains and DNA bases are indicated. Atoms are
color-coded: C, gray; O, red; and N, blue. Base positions and amino
acid sidechains are numbered. (b) Base-specific interactions between
p65 and the 5′-GGGA-3′ half site of κB-55. (c) Base-specific
interactions between p65 and the 5′-GGGAA-3′ half site of κB-55.
(d) The interface of p65 and the 5′-GAAA-3′ half site of κB-33.
Table 2
Binding affinities of p65 homodimer for κB DNA targets.
Target DNA Binding affinity (nM)
Ig-κB 133 ± 9.67
IFN-κB 201 ± 25.8
IL8-κB 188 ± 22.0
κB-33 256 ± 55.0
κB-55 337 ± 79.0
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Affinity of p65 for κB targets
Next we determined whether an altered hydrogen-
bonding scheme and the conformational differences
observed in the crystal structures of the three different
p65–κB DNA complexes corresponded to differences in
their binding affinities. We measured relative binding
affinities between the p65 homodimer and these three
DNA targets using a fluorescence polarization assay [15].
These binding affinities were compared with that of the
two most well characterized κB DNA targets: the 
κB sequence present in the intronic enhancer of
immunoglobulin κ gene (Ig-κB) and the κB sequence of
interferon β enhancer (IFN-κB) [16]. We observe that in
spite of the different patterns of interactions between p65
and various DNA targets observed in the crystal struc-
tures, the p65 homodimer binds to all five targets with a
less than twofold difference in affinity between the
highest and the lowest (Table 2). The high binding affin-
ity of the κB-33 DNA for p65 is surprising. Presumably,
altered non-specific interactions between the DNA back-
bone and protein plus the long range electrostatic interac-
tions between the N-terminal domain and the
non-specific DNA site are likely to compensate for the
loss of specific protein–DNA contacts. Nevertheless,
these results suggest that although the stereochemical
nature of the p65 homodimer–DNA complexes is differ-
ent, the p65 homodimer cannot discriminate against these
targets on the basis of affinity alone.
Role of Ser42 and Arg187 in κB DNA recognition
We wanted to determine whether Ser42 and Arg187, the
residues that show striking differences in the hydrogen-
bonding pattern recognizing IL-8-κB and κB-55 DNA
sequences, have differential energetic roles in selecting
different κB DNA targets. We created alanine mutant
proteins at these positions and measured their relative
binding affinities for IL-8-κB, κB-55 and κB-33 DNA
targets. Our results show that the p65 Ser42→Ala mutant
is 12-fold defective compared with the wild-type p65 in
IL-8-κB binding and is defective to a similar extent for
κB-33 DNA binding (Table 3). The Ser42→Ala mutant
shows only threefold to fourfold defects for κB-55
binding. It is possible that the bond between Ser42 and
guanine at the –5 position is not a strong one. An alterna-
tive and more favored explanation is that this bond is
strong and that the large loss of binding energy is because
of the loss of the important hydrogen bond between
Ser42 and guanine at –5 position. More optimal binding
of other DNA-contacting residues such as Arg33, Arg35,
Glu39 and Arg187 compensates for this energy loss. In
particular, Arg187, which moved away from the DNA in
the wild-type p65–κB-55 complex, might now be in a
position to contact DNA in the Ser42→Ala mutant. We
conclude that Ser42 is more important for the specificity
of κB-55 recognition than for affinity. The p65 homod-
imer with the Arg187→Ala mutation binds both IL-8-κB
and κB-33 threefold less tightly than the native p65
homodimer. As expected from the crystal structure of
p65–κB-55 complex in which Arg187 does not directly
contact DNA, mutant Arg187→Ala is only twofold defec-
tive compared with the wild-type p65 homodimer for
κB-55 binding (Table 3). Consistent with our structural
observations, therefore, the mutation and binding results
show that DNA-binding residues have different roles in
binding to different target sites.
DNA target selection by p65
The crystal structure of the previously determined p65
homodimer–κB-33 DNA complex illustrated that one
subunit lost its ability to form hydrogen bonds with DNA
bases when presented to the ‘non-optimal’ 5′-GAAA-3′
half site (Figure 4d). The subunit retained all non-specific
hydrogen bonds with the DNA backbone by en bloc rota-
tion about the flexible interdomain linker region. We
speculated that an A–T base pairs at position +3 was detri-
mental to base-specific hydrogen bonding. Given that the
guanine and its paired cytosine at this position are directly
contacted by Arg33 and Glu39 respectively, a substitution
for an A–T bp at this position would be more deleterious
than at any other position of the half site. The structure of
the p65–IL-8-κB complex also confirms that the p65
homodimer ‘prefers’ a 9 bp target DNA with two 4 bp half
sites, that are separated by a central base pair that coin-
cides with the pseudodyad axis of DNA. The complex of
p65 with κB-55 DNA exhibits a third mode of DNA
recognition by p65 in which one of the half sites is com-
posed of 5 bp instead of 4 bp.
There are three sources for the multiple κB DNA-binding
modes of the p65 homodimer. We have previously
described the first two sources—the ability of the N-ter-
minal domain to rotate freely about the hinge region
and the conformational variations of target DNA
sequences—the third source is the small segment of
protein that adopts different conformations upon binding
to various targets. An overlay of the six DNA half sites
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Table 3
Relative binding affinities of the wild-type and mutant p65 for
κB DNA targets.
Target DNA Protein sample Relative affinity*
IL-8 Wild-type 1.0
Arg187→Ala 0.32 ± 0.02
Ser42→Ala 0.08 ± 0.01
κB-33 Wild-type 1.0
Arg187→Ala 0.30 ± 0.06
Ser42→Ala 0.11 ± 0.02
κB-55 Wild-type 1.0
Arg187→Ala 0.50 ± 0.09
Ser42→Ala 0.30 ± 0.08
*Values for relative affinities have been normalized against the wild-type.
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from the three complexes demonstrates a nice superposi-
tion of the Cα atoms from the N-terminal domains except
for a five amino acid segment in loop L1 that is capped by
two glycine residues at positions 40–44. Free rotation of
the glycines allows this segment to change conformation
in response to changes in target DNA sequence. Appar-
ently small changes in κB sequence result in a change of
DNA conformation that ultimately induces the rearrange-
ment of the sidechains of Arg41, Ser42 and Ala43
(Figure 5a,b). At least two of these residues, Arg41 and
Ser42, either directly or indirectly influence cognate DNA
recognition. We have described the variable mode of
DNA contacts by Ser42. Although Arg41 does not appear
to directly contact DNA (except in one case in which it is
observed hydrogen bonding to a symmetry-related DNA
molecule), its close proximity to the DNA backbone sug-
gests that it can mediate long-range electrostatic interac-
tions. This segment in p50 and p52 (Pro–Ser–His) does
not alter conformation even though it too is flanked by
glycine residues (Figure 5c). It is probable that strong
interactions between the histidine of the Pro–Ser–His
tripeptide and guanine bases at the +5 position in all
p50–DNA and p52–DNA complexes hold this segment in
a stable conformation and prevents interactions by the
serine. This might also explain why the p50 subunit of the
p50–p65 heterodimer binds without exception, as
revealed by X-ray and biochemical studies, to the 5′ half
sites of all κB DNA targets with sequences 5′-GGGRN
A/T TTCC-3′ (in which R is a purine and N is any
nucleotide) [1,2]. X-ray crystal structures of p50–DNA and
p50–p65–DNA complexes reveal that the guanine at the
–5 position is in contact with the histidine residue [4,17].
This suggests that the histidine, in spite of structural flexi-
bility of various κB sequences, is stably oriented to bind
the guanine at the –5 position in all κB sequences.
Discussion
The X-ray structures of three p65–DNA complexes show
three different modes of DNA binding. The published
structure of the p65–κB-33 complex showed a remarkably
large conformational change compared with the two other
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Figure 5
Conformational variations of the N-terminal domains of p65, p50 and
p52. The segments encompassing residues 40–44 in murine p65, and
corresponding residues in p50 and p52 are of special interest.
(a) Alignment of the N-terminal domains of p65 in their DNA half-site-
bound conformations. For clarity only one of the DNA half sites
(5′-GGAA-3′) is shown. The conformation of the N-terminal domain in
each half complex is color coded: deep and light blue represent
domains corresponding to the IL-8-κB half sites; pink and red
represent domains corresponding to the GGAA and GAAA half sites
of κB-33; light and deep green represent domains corresponding to
the GGGAA and GGGA half sites of κB-55. The sidechains of Tyr36
and Ser42 are shown and Cα positions of Glu39 and Ser45 are
denoted. (b) A close up view of (a) showing only the segment between
residues 31–46. For clarity, only three conformations of the N-terminal
domain are shown representing half complexes at the 5′-GGAA-3′,
5′-GAAA-3′, and 5′-GGGAA-3′ half sites of IL-8-κB, κB-33 and κB-55
sequences, respectively. (c) Alignment of the N-terminal domains of
p50 and p52. The N-terminal domain of p50 in complexes with DNA as
a homodimer and as a heterodimer are shown in cyan and blue,
respectively, and the N-terminal domain of p52 in the p52–DNA
complex is shown in red. The sidechains of tyrosine and serine are
shown as well as the Cα position of glutamate.
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complexes of which the structures are reported here. These
two structures show different stereochemistry to each other
at their protein–DNA interfaces despite having similar
global conformations. Nevertheless, p65 still might function
differently from these two κB sequences. This is because
small conformational changes can also elicit major functional
differences. Crystallographic analyses of other transcription
factor–DNA complexes have also shown similar results.
King et al. [18] have shown that the three-dimensional struc-
tures of the yeast transcription factor HAP1 and a mutant
version of HAP1 (HAP-18) bind to the cyclase (CYC) pro-
moter with similar overall structures. Although both proteins
bind to this promoter with equal affinity, they show large
differences in transactivation potential [19,20]. The differ-
ential transcriptional activities of HAP1 and HAP-18 appear
to result from a few altered sidechain conformations at the
protein–DNA interface. A small structural change, caused
by the presence of a tyrosine residue at the protein–DNA
interface of the DNA-bound helix–loop–helix protein sterol
regulatory element binding factor (SREBP), appears to be
critical for the asymmetric DNA recognition by this class of
proteins. In contrast, other helix–loop–helix proteins prefer
symmetric DNA targets. A tyrosine to arginine switch is
responsible for this altered DNA binding [21].
There is increasing evidence that single transcription
factors undergo conformational changes upon binding to
different target DNA sequences [22,23]. These altered con-
formations might explain, at least in part, the differential
regulation of gene expression by that factor. There are two
possible modes for conformational variability to modulate
transcription: first, by changing the cooperativity of its inter-
actions with a second transcription factor bound to a neigh-
boring DNA site, and second, by altering the activities of its
own transactivation domain. All transcription factors includ-
ing NF-κB act by cooperatively interacting with other
factors in a promoter-specific manner [24,25]. When an Ig-
κB sequence is converted into the κB sequence of IL-2αR
(IL-2αR-κB) a dramatic reduction of transcription is
observed from the mutant κB enhancer [26]. These two κB
sequences differ by only 2 bp, which according to structural
data should not induce dramatic conformational changes in
the complex. Cross-talk between DNA-binding domains
and activation domains has been demonstrated in various
transcription factors [22]. Recently, Zhong et al. [27] showed
that the activation domain of p65 is inhibited by its own
RHR through stable intramolecular association. Protein
kinase A (PKA)-dependent phosphorylation of Ser276 is
essential for the release of the activation domain to exert
full transcriptional activity. The close proximity of Ser276
to the phosphodiester backbone of target DNAs suggests
that the conformation of the RHR might have an additional
role in the dissociation of the activation domain.
In summary, the most remarkable feature of the p65
homodimer is its ability to bind three different physiological
κB DNA sequences with similar affinities but with altered
conformations. The base-specific hydrogen bonded con-
tacts are different in all three cases. The length of the
cognate DNA sequences varies from 4 bp in κB-33 to 9 bp
in IL-8-κB to 10 bp in κB-55. The structural degeneracy
observed here is likely to be important for enhancer-specific
transcription. Variable interactions might be necessary to
recruit promoter-specific activators and coactivators to
assemble the functional enhanceosome. The bidomain
architecture of the DNA- binding RHR and the presence of
a highly flexible DNA-binding tripeptide allows the p65
homodimer and probably other NF-κB dimers to recognize
more DNA sequences with a wide range of conformations.
Biological implications
The Rel/NF-κB family of transcription factors plays a
central role in regulating the expression of a variety of
genes that are essential in mediating vital physiological
processes, including immune and inflammatory
responses, growth, development, and apoptosis. The
Rel/NF-κB family is comprised of five polypeptides —
p50, p52, p65(RelA), c-Rel and RelB. These proteins
share a homologous N-terminal region of approximately
300 amino acids, referred to as the rel homology region
(RHR). These polypeptides can form dimers in a combi-
natorial manner but with differential affinities and speci-
ficities. The Rel/NF-κB dimers show unique but
overlapping properties in their regulation by inhibitor IκB
proteins, nuclear translocation and DNA binding.
The DNA-binding RHR of the NF-κB proteins is bipar-
tite and folds into two immunoglobulin-like (Ig-like)
domains linked by a short flexible linker. The C-termi-
nal Ig-like domain is responsible both for subunit dimer-
ization and non-specific DNA binding, whereas the
N-terminal Ig-like domain is responsible for DNA
binding with sequence specificity. This unique bimodu-
lar architecture of a DNA-binding domain has not been
observed in other transcription factors. Our goal was to
understand how NF-κB alters its DNA-binding mode
upon recognition of physiological κB-DNA sites with
slightly different sequences. We have used the p65
homodimer as a model system. Previously, we showed
that p65 interacts with the P-element-like sequence of
the IL-4 promoter (κB-33), which has a single base pair
change from the consensus sequence, in an unusual
mode such that it contacts only four base pairs of the
DNA target with sequence specificity. In this study, we
have tested two more DNA sequences. One is an ideal
sequence found in the promoter of the IL-8 gene (IL-8-
κB) and the other is located in the promotor of the gene
encoding collagen type VII (we refer to this sequence as
κB-55), which also has a single base pair deviation from
the consensus sequence different from κB-33. As
expected, we observed that the global conformations of
these two complexes are similar, but the detailed chem-
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istry of the protein–DNA interfaces are different. The
length of the target sequences vary from 9 bp in IL-8-κB
to 10 bp in κB-55 DNA. We also observed and verified,
by performing mutagenesis and binding experiments,
that two residues contact these DNA targets in a signifi-
cantly different manner. Whereas the core protein struc-
ture is identical in all complexes, a small peptide segment
shows dramatically different conformations. Interest-
ingly, p65 binds each DNA target with almost equal
affinity. These observations lead us to conclude that the
structure of the NF-κB RHR and DNA-binding mecha-
nism allows recognition of physiological κB-DNA
sequences by virtue of the modular architecture of their
DNA-binding domain. These promoter-specific confor-
mations might present an optimal surface for other tran-
scription factors that are bound to a neighboring site for
cooperative interactions. These altered conformations




Murine NF-κB p65RHRs (amino acids 19–291) and p65RHR (amino
acids 19–304) were purified as described previously [6]. The
mutants (Ser42Ala and Arg187Ala) were produced in a two-step poly-
merase chain reaction (PCR) strategy using internal primers shown
below: N terminus, 5′-GGCGATCATATGGACCATCTGTTTCCCCTC-




Purified PCR products were digested and cloned into pET15b His-tag
vector (Novagen) at the NdeI/BamHI sites. The positive clones were
verified by sequencing (The Cancer Center, Molecular Pathology
Shared Research at University of California, San Diego). Mutant pro-
teins were purified from over-expressing BL21 (DE3) cells, using the
following three chromatographic steps: Ni-affinity (Novagen), Fast-S
(Pharmacia), and size-exclusion (Pharmacia). Pure protein was pooled
and final protein concentrations determined by absorbance at 280 nm
with a dimer extinction coefficient (ε) of 57,134 cm–1 M–1, for wild-type
p65 and mutants.
Mutant Ser42→Ala was purified under similar conditions except for the
first affinity step, which was performed in denaturing conditions in the
presence of 6 M urea, 500 mM NaCl, 20 mM Tris pH 7.5, and 1 mM
PMSF. After nickel-column purification, the eluted protein was dialysed
three times against 2 l of buffer with no urea. The protein was purified
by cation-exchange, size-exclusion chromatography and buffer-
exchanged into 50 mM NaCl, 10 mM Tris pH 7.5, and 1 mM DTT.
DNA purification
Labeled oligonucleotides were obtained from the Keck Laboratory at Yale
University. The sense strand was labeled with a chromophore, fluorescein
(F), at the 5′ end. Labeled target DNAs contain a κB site and have the fol-
lowing sequences: IFN-κB, 5′F-AGTGGGAAATTCCTCGG-3′; Ig-κB,
5′F-GATCGCTGGGGACTTTCCAGGGAGGCGTGGCCTGAGTCC-
3′; IL8-κB, 5′F-TGCAAATCGTGGATTTTCCTCTGACATATTGAA-3′.
Unlabeled oligonucleotides (cold), also containing a κB site, were synthe-
sized for competition fluorescence polarization (Applied Biosystems Inc.):
IL8-κB, 5′-CACTGGAAATTCCTAGT-3′; κB-33, 5′-GGCTGGAAATT-
TCCAGCC-3′; κB-55, 5′-TCGGGAATTCCCG-3′. All DNA strands were
purified separately using fast protein liquid chromatography (FPLC) by
source-Q ion-exchange (Pharmacia). Concentrations were calculated
from extinction coefficients. Complimentary oligonucleotides were
annealed in equimolar amounts by heating to 95°C for 10 min and
slow-cooling to room temperature. The annealed oligonucleotides were
stored at –20°C. 
Fluorescence polarization (FP) and competition assays
DNA affinities of wild-type p65 RHR and mutants for all labeled DNA
targets were measured using the Beacon-2000 Variable Temperature
Fluorescence Polarization System (Panvera). Sample measurements
were taken at emission wavelengths of 530 nm, upon excitation of fluo-
rescein at 490 nm. The experiments were performed at 37°C in buffer
containing 50 mM NaCl and 10 mM Tris-HCl pH 7.5. Protein samples
were prepared in serial dilutions, with concentrations ranging from
0.3 nM to 10 µM. Next, 10 nM of labeled DNA was added to each
protein sample and allowed to reach equilibrium (45 min). Thereafter,
polarization intensities were measured for each sample.
For the cold DNA competition assays, cold DNA was serially diluted from
4 µM to 0.1 nM. Constant amounts of p65 (2 µM) and labeled DNA
(10 nM) were added to each sample and allowed to reach equilibrium
(45 min). Polarization intensities were measured in the same manner. The
Kd values and relative affinities of the wild-type p65 and mutants for κB
DNA targets are based on equations from Malek et al. [15].
Crystallization and data collection
Stoichiometric amounts of protein and DNA were mixed just prior to
crystallization setup. Crystals of p65RHRs–IL-8 κB DNA (space
group P21212 and unit-cell dimensions a = 113.92, b = 130.04 and
c = 66.04 Å) were obtained using hanging-drop vapor diffusion at
18°C by mixing 2 µl of 15 mg/ml p65–DNA complex with 2 µl of
reservoir solution. The reservoir solution contained 5% polyethylene
glycol (PEG) 3350, 100 mM CaCl2, 10 mM DTT, and 0.1% beta-octyl
glucopyranoside (BOG), and 50 mM HEPES pH 7.5. Thin plate crys-
tals grew in three days to 0.02 × 0.1 × 0.5 mm and were then
enlarged to 0.05 × 0.5 × 2.0 mm by macroseeding. Crystals of
p65RHR–κB-55 DNA (space group P6122 and unit-cell dimensions
a = b = 79.19 and c = 474.06 Å) grew under similar conditions
except with 4% PEG 3350 and 40 mM CaCl2 in three days to dimen-
sions 0.3 × 0.3 × 0.5 mm. Before data collection, crystals were
soaked in solutions containing all the components in the mother liquor
plus glycerol, of which the concentration was increased slowly over
2 h to 30%. Crystals were mounted in nylon loops and flash frozen
under liquid nitrogen stream for data collection at 100K. Data were
collected using a MAR imaging plate mounted on a Rigaku FR rotat-
ing anode. All data were processed and scaled using the programs
DENZO and SCALEPACK [28] (Table 1). 
Structure determination and refinement
The structure of the p65 RHRs–IL-8 κB complex was determined by
molecular replacement using AMoRe [29]. Using the model of a
subunit–GGAA half complex of the κB-33–p65 structure, a symmet-
ric search model was created [6]. The translation search resulted in
an R factor of 47.3%. Refinement was carried out using minimization
and simulated annealing with bulk-solvent corrections using the
program CNS [30]. Partial noncrystallographic symmetry (NCS)
restraints were applied separately to the N- and C-terminal domains
in the early stage of refinements. After some of the loop regions were
corrected and R factor drops to below 24%, NCS restraints were
removed except for the peptide backbone of the C-terminal domain.
The final refined model contains 546 amino acids, 34 nucleotides,
two dithiothreitols and 75 water molecules.
The structure of the p65 RHR–κB-55 complex was determined by mol-
ecular replacement using AmoRe, with the p65 RHRs–IL-8 κB DNA
complex as search models and refined with CNS. Because of the low
resolution of the data, NCS restraints were applied separately to the 
N- and C-terminal domains throughout the refinement. The nuclear
localization signal in the C-terminal domain (residues 292–304) was
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disordered. The final refined model contains 546 amino acids and
24 nucleotides. Table 1 lists the statistics of the refinement.
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